Stiffness of biomaterial substrates plays a critical role in regulation of cell behavior. Although the effect of substrate stiffness on cell behavior has been extensively studied, molecular mechanisms of regulation rather than those involving cytoskeletal activities still remain elusive. In this study, we fabricated aligned ultrafine fibers and treated the fiber with different annealing temperatures to produce fibrous substrates with different stiffness. Human mesenchymal stem cells (hMSCs) were then cultured on these fibrous substrates. Our results showed that annealing treatment did not change the diameter of electrospun fibers but increased their polymer crystallinity and mechanical properties. The mRNA expression of RUNX2 was upregulated while the mRNA expression of scleraxis was downregulated in response to an increase in substrate stiffness, suggesting that increased stiffness favorably drives hMSCs into the osteogenic lineage. With subsequent induction of osteogenic differentiation, osteogenesis of hMSCs on stiffer substrates was increased compared to that of the cells on control substrates. Cells on stiffer substrates increasingly activated AKT and YAP and upregulated transcript expression of YAP target genes compared to those on control substrates, and inhibition of AKT led to decreased expression of YAP and RUNX2. Furthermore, macrophage migration inhibitory factor (MIF) was increasingly produced by the cell on stiffer substrates, and knocking down MIF by siRNA resulted in decreased AKT phosphorylation. Taken together, we hereby demonstrate that simply using the annealing approach can manipulate stiffness of an aligned fibrous substrate without altering the material chemistry, and substrate stiffness dictates hMSC differentiation through the MIF-mediated AKT/YAP/RUNX2 pathway.
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Statement of Significance
Stiffness of biomaterial substrates plays a critical role in regulation of cell behavior. Although the effect of substrate stiffness on cell behavior has been extensively studied, molecular mechanisms of regulation rather than those involving cytoskeletal activities still remain elusive. In this manuscript, we report our new findings that simply using the annealing approach can manipulate stiffness of an aligned fibrous substrate without altering the material chemistry, and substrate stiffness dictates human mesenchymal stem cell (hMSC) differentiation through the macrophage migration inhibitory factor-mediated AKT/YAP/ RUNX2 pathway. The findings are novel and interesting because we have identified a new mechanism rather than those involving cytoskeleton activity, by which substrate stiffness regulates hMSC behavior.
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Introduction
Mesenchymal stem cells (MSCs) are capable of differentiating into a variety of connective tissue cell types, such as osteoblasts, chondrocytes, adipocytes, myoblasts [1] . It has been reported that the extracellular matrix (ECM) delivers biochemical and biophysical signals to direct MSC differentiation [2] [3] [4] [5] . Among the biophysical signals, ECM stiffness plays an important role in modulating http://dx.doi.org/10.1016/j.actbio.2016.06.034 1742-7061/Ó 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. stem cell differentiation and functions [6, 7] . It has been demonstrated that MSCs cultured on substrates with stiffness mimicking that of brain, muscle, or bone tissue preferentially become neurons, muscles, or osteoblasts, respectively [7] . Moreover, the early mesendoderm differentiation and terminal osteogenic differentiation of embryonic stem cells (ESCs) were both enhanced when ESCs were cultured on a stiff polydimethylsiloxane substrate compared to a soft one [8] . Hence, a deeper understanding of how stem cells respond to matrix stiffness is crucial for developing viable strategies to improve the efficiency of stem cell differentiation.
Recently, electrospun ultrafine fibers have attracted great interest in constructing biomimetic scaffolds for tissue engineering [9] [10] [11] . Previous studies have demonstrated that cell adhesion, proliferation, and differentiation can be regulated by the polymer chemistry and structural architecture of electrospun fibers [12] [13] [14] . However, there are few reports focusing on how the stiffness of electrospun fibers regulates MSC differentiation. Jiang et al. altered the stiffness of pullulan/dextran nanofibers by differential in situ crosslinking during electrospinning and they found stiff nanofibers promoted MSC neuronal differentiation compared to soft ones [15] . However, their approach of using different crosslinkers to change substrate stiffness also unavoidably alters chemistry of the material. It is therefore difficult to conclude if substrate stiffness, material chemistry, or both is the cause to regulation of cell response in their study. With that, it is important to have a setup capable of decoupling substrate stiffness from material chemistry for studying the effect of substrate stiffness on cell response. Recently, Baker et al. have used UV to modulate the stiffness of electrospun methacrylated dextran fibers without altering the fiber chemistry. They demonstrated that lower fiber stiffness permitted active cellular forces to recruit nearby fibers, dynamically increasing ligand density at the cell surface and promoting the formation of focal adhesions and related signaling [16] .
The pro-inflammatory cytokine macrophage migration inhibitory factor (MIF) is produced by several cell types, including monocytes, macrophages, vascular smooth muscle cells, and cardiomyocytes [17] [18] [19] . Macrophage migration inhibitory factor plays multiple roles in mediating inflammation, apoptosis, autophagy, and carbohydrate metabolism [20] [21] [22] [23] . It has also been shown that MIF production can be modulated in response to arterial stiffness [24] . Recent studies have shown that MIF regulates AKT activity in various types of cells to affect their behavior [25] [26] [27] [28] . Our group has previously demonstrated that endogenous MIF produced in hMSCs under hypoxia activates AKT signaling to delay the progression of cellular senescence [28] . While a previous study has shown that a substrate with higher stiffness enhances osteogenic differentiation of MSCs through activation of AKT signaling [29] , it is unclear whether MIF is involved in the regulatory mechanism. Moreover, yes-associated protein (YAP) is a transcription factor that is known to play a role in stiffness-mediated cell activities [30] , which suggests that YAP may be a downstream molecule of the AKT signaling pathway.
In this study, we hypothesized that stiff substrates increase the expression of MIF in hMSCs, which in turn regulates AKT/YAP signaling to direct differentiation of hMSCs. To test the hypothesis, aligned fibrous substrates were fabricated by stable jet electrospinning (SJES), and then subjected to annealing treatment to alter the substrate stiffness. In addition to determining the effect of substrate stiffness on regulation of hMSC behavior, we were particularly interested in finding out whether the regulation is mediated through the MIF-mediated AKT/YAP pathway. We aimed to identify a new mechanism, rather than cytoskeleton-mediated regulation, of how hMSC activities are modulated by substrate stiffness.
Materials and methods

Electrospun aligned ultrafine fibers and annealing treatment
Aligned PLLA ultrafine fibers were electrospun as described in our pervious study [31] . Briefly, poly (ethylene oxide) (PEO, Mw $5,000,000, Sigma-Aldrich, 1 w/v%)-doped poly(L-lactic acid) (PLLA, Mw 100,000, Polysciences, 5 w/v%) in 2,2,2-trifluoroethanol (TFE, Sigma-Aldrich) was prepared and then electrospun onto a rotatory shaft at the rotating speed of 1000 rpm to produce aligned ultrafine fibers. Electrospun aligned fibrous mats were placed in a vacuum oven for about 24 h to remove any residual organic solvent before further use. Annealing of fibers was conducted by first treating fibrous mats with the temperature at 65°C (65PLLA) or 75°C (75PLLA) under mechanical tension for 3 h and then allowing it to cool down under room temperature. Fibrous mats without annealing treatment were used as an untreated control (PLLA).
Characterization of annealing-treated aligned ultrafine fibers
Morphology of electrospun fibrous mats was analyzed by scanning electron microscopy (SEM, TM-1000, Hitachi) at an accelerating voltage of 8-10 kV. Prior to imaging, samples were sputter-coated with gold for 50 s. The average diameter of electrospun fibers was determined by measuring fibers shown in the SEM images using the ImageJ software. For each sample, an average of 50 ultrafine fibers was counted.
X-ray diffractometer (D/Max-2550 PC, Rigaku, Japan) was used to determine the X-ray diffraction (XRD) pattern of as-electrospun PLLA fibers with Cu Ka radiation in the range of 2h around 5°$35°.
To determine the surface roughness of fibrous substrates, atomic force microscopy (AFM, Dimension FastScan Bio, Bruker, Germany) was used to scan the surface of specimens.
Mechanical properties of substrates were determined using a tensile testing machine (H5K-S, Hounsfield, UK) equipped with a 50 N load cell. Rectangular-shaped specimens (50 mm Â 10 mm Â 0.10-0.15 mm) were stretched at a constant cross-head speed of 10 mm/min. Five specimens were tested for each type of samples. In addition to the analysis of tensile properties, the surface stiffness of fibrous substrates was determined by measuring mechanical properties of individual fibers subjected to nanoindentation using AFM. Spherical contact tips were applied in contact mode to image and indent fibers to determine Young's modulus based on the Hertz model.
Human MSC isolation and culture
With approval from the Institutional Review Board at the University of Wisconsin-Madison, bone marrow-derived hMSCs were harvested from femoral heads of patients undergoing total hip arthroplasty. Human MSCs were isolated following a previously described protocol. Briefly, after being curetted from the interior of femoral head and neck, whole bone marrow was mixed with Dulbecco's modified Eagle medium (DMEM; Gibco, Carlsbad, CA, USA). A syringe with an 18-gauge needle was used to filter out bone debris from the bone marrow/DMEM mixture. The collected medium was then centrifuged at 1000 rpm for 5 min. After removing the supernatant, the resulting cell pellet was reconstituted using 25 mL of Hank's Balanced Salt Solution (Invitrogen, Carlsbad, CA, USA), and then slowly added into a 50-mL conical tube containing 20 mL of Ficoll solution (GE Health, Pittsburgh, PA, USA). After centrifugation at 500 g for 30 min, mononuclear cells were collected and plated in cell culture flasks with culture medium composed of low-glucose DMEM, 10% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA, USA) and antibiotics. The cells were maintained in an incubator at 37°C in a humidified 5% CO 2 atmosphere. When reaching 70-80% density confluence, the cells were trypsinized using 0.05% trypsin/EDTA (Gibco) and re-plated at a seeding density of 1000 cells/cm 2 . Culture medium was replaced every 3 days. Cells were expanded for 2 passages prior to experiments.
Cell seeding and culture on fibrous substrates
For cell seeding, PLLA ultrafine fibrous substrates with different stiffness were sterilized by ultraviolet (UV) light irradiation for 2 h. Substrates were then hydrated with a series of decreasing ethanol concentration gradients (100%, 70%, 50%, and 25%), pure water, and Hank's Balanced Salt Solution (HBSS) (Thermo-Fischer Scientific, Pittsburgh, PA). Six-well tissue culture plates were coated with 0.5% polyhema/ethnol solution at 37°C overnight. Human MSCs were then seeded onto fibrous substrates at a density of 5000 cells/cm 2 for cell morphology and proliferation studies. For gene expression and western blotting assays, the cells were seeded onto fibrous substrates at a density of 50,000 cells/cm 2 . Cell culture medium was changed every other day.
Cell morphology and proliferation assays
After 3 days of culture, the morphology of hMSCs on fibrous substrates was analyzed. Briefly, cellular substrates were fixed with 4% paraformaldehyde, washed three times with PBS, and then permeabilized with 1 mL of 0.1% (v/v) Triton X-100 (Aldrich, USA). The samples were then washed again with PBS, followed by 30-min incubation with 150 lL of rhodamine-conjugated phalloidin (1:40 dilution in PBS, Gibco, USA) in the dark at room temperature for staining actin filaments. After washed three additional times with PBS, the cells were stained for cell nuclei with 1 mg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI) (Sigma, USA) in PBS for 15 min at 37°C, and observed under a fluorescence microscope (Olympus, Shinjuku, Tokyo, Japan). To quantitatively evaluate cellular shape, ImageJ was used to delineate the contour of each cell in microscopic images. The shape index of hMSCs was assessed by the aspect ratio (AR), defined by the equation AR = L/W, where L and W are the cell length and width, respectively. The AR, ranging from 1 (a perfect circle) to 1 (a straight line), reveals the degree of elongation of a cell. Human MSCs seeded on substrates with different stiffness were harvested at Days 1, 4 and 7. The total amount of double-stranded DNA (dsDNA) was analyzed to determine cell proliferation using the Quant-iT PicoGreen dsDNA assay (Invitrogen) following the manufacturer's instructions.
Total RNA extraction and quantitative RT-PCR analysis
For quantitative PCR analysis, total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Briefly, 1 mL of Trizol solution was first added to lyse hMSCs within fibrous substrates. After grinding the cellular substrates using a pestle, 200 lL of chloroform was added before RNA was precipitated with 500 lL of isopropanol. After centrifugation at 12,000 rpm for 15 min, the resulting pellet was washed three times with 1 mL of 75% ethanol and then dissolved in 20 lL of DEPC-treated water. The amount of RNA yield was determined based on the measurement of A260/A280 using the Nano-Drop 1000 spectrophotometer (Thermo Scientific, Waltham, MA). First strand cDNA was reverse-transcribed using the High Capacity cDNA Reverse Transcription kit (AB Applied Biosystems, Carlsbad, CA) following the manufacturer's instructions. Quantitative PCR analysis was performed using SYBR Green Supermix (Bio-Rad, Hercules, CA) with the primers targeting octamer binding transcription factor 3/4 (OCT3/4), NANOG, scleraxis (SCX), RUNX2, sex determining region Y-box 9 (SOX9), peroxisome proliferator-activated receptor gamma (PPARG), MIF, connective tissue growth factor (CTGF), ankyrin repeat domain 1 (ANKRD1), alkaline phosphatase (ALP), osteocalcin (OCN) and the internal control ubiquitin C (UBC). The primer sequences are listed in Table 1 . The relative mRNA expression levels of a target gene were determined using the 2 ÀDCt method and compared to those of the housekeeping gene UBC.
Protein extraction and western blotting analysis
To extract protein from hMSCs, the cells were lyzed using RIPA buffer composed of 50 mM Tris-HCl (pH 7.5), 0.25% Na-deoxycholate, 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, and complete protease inhibitor cocktail tablets (Roche, Indianapolis, IN, USA). After centrifugation at 14,000 rpm for 10 min, the supernatant was collected. Protein concentration was measured using the BCA Protein Assay kit (Pierce, Rockford, IL, USA). A 20-lg protein sample was loaded into each lane of a 10% polyacramide gel (Bio-Rad) for electrophoresis, and the separated proteins were then transferred from the gel onto a polyvinylidene fluoride membrane (Bio-Rad). The membrane was incubated with primary antibodies against MIF (R&D Systems, Minneapolis, MN), AKT, phospho-AKT (Ser473), YAP, RUNX2 and GAPDH (Cell Signaling, Danvers, MA, USA) in a blocking solution composed of Tris-buffered saline containing 5% nonfat milk (Bio-Rad) and 0.1% Tween20 (Sigma-Aldrich) overnight at 4°C. After removing unbound antibodies, the membrane was incubated with horseradish peroxidase-linked secondary antibody in the blocking solution for 1 h at room temperature. The immuno-detected protein bands on the membrane were visualized using the SuperSignal West Pico Chemiluminescent Substrate (Pierce), and then documented by the Kodak Image Station 4000R Pro system (Kodak, Rochester, NY, USA).
Evaluation of osteogenic differentiation of hMSCs
Human MSCs seeded on PLLA and 75PLLA were first maintained in growth medium for 7 days and then induced by osteogenic medium (DMEM-LG, 10% FBS, 0.1 mM dexamethasone, 10 mM Table 1 Primer sequences for quantitative RT-PCR analysis.
Gene name
Accession number Primer sequences
Forward and reverse primers are indicated as ''F" and ''R", respectively.
b-glycerophosphate, 50 mg/mL ascorbic acid-2-phosphate (Sigma-Aldrich), and antibiotics) for another 7 or 14 days. To evaluate osteogenesis, the expression of mRNA transcripts of bone-related markers was analyzed by quantitative RT-PCR. To quantify ALP activity, the cells were first digested in the digestion buffer containing 2% Triton X-100, 0.15 mM Tris base, 0.1 mM ZnCl 2 , and 0.1 mM MgCl 2 Á6H 2 O at pH 9.0 for 1 h at 37°C and then overnight at 4°C. ALP activity was measured as the reaction kinetics with p-nitrophenyl phosphate (Sigma-Aldrich). The results were normalized to the dsDNA content determined by the PicoGreen assay (Invitrogen).
Immunofluorescent labeling
The procedure of immunofluorescence staining was performed following our previously published method [32] . Briefly, after 14 days of osteogenic induction, cellular substrates were collected and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min. Substrates were then washed three times with PBS, followed by permeabilization with 1 mL of 0.1% (v/v) Triton X-100 (Aldrich, USA). After additional washing, samples were blocked with a buffer solution containing 1% bovine serum albumin in PBS for 30 min at room temperature and washed again with PBS. Thereafter, samples were stained with human OCN antibody (R&D Systems, Minneapolis, MN, USA) diluted to 1:200 in blocking buffer for 45 min at room temperature, followed by a 45-min incubation with anti-mouse IgG fluorescein isothiocyanate (FITC) (eBioscience, San Diego, CA, USA) at room temperature. Stained samples were then mounted with the ProLong Gold antifade reagent containing 4 0 , 6-diamidino-2-phenylindole (DAPI) (Life Technologies, Grand Island, NY, USA) and observed under a fluorescence microscope (Olympus, Shinjuku, Tokyo, Japan).
Immunofluorescence staining following the same procedure described above was used to detect YAP in nuclei of hMSCs cultured on fibrous substrates. Specifically, cellular substrates were incubated with a primary antibody detecting YAP (sc-271134, Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by incubation with a secondary antibody conjugated with FITC (eBioscience, San Diego, CA, USA) before being imaged by a confocal laser scanning microscope (Nikon A1RS, Japan) for analysis.
Bromodeoxyuridine (BrdU) (Roche, St. Louis, MO, USA) was used to label mitotic cells seeded on fibrous substrates. After 4 days of culture, cells on substrates were incubated with 10 lM BrdU at 37°C for 24 h and then fixed with 4% paraformaldehyde in PBS at 4°C for 1 h. After washed with PBS 3 times, cellular substrates were incubated in 1 mL of 0.1% Triton X-100 (Aldrich, USA), followed by an additional incubation with 2 N HCl for 30 min at room temperature to denature the DNA. After additional wash, cellular substrates were incubated with an FITC-conjugated antibody detecting BrdU localized in cell nuclei (sc-32323, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Loss-of-function assays
To investigate whether stiff substrates regulate the osteogenic potential of hMSCs by activating the AKT signaling pathway, hMSCs cultured on 75PLLA and control PLLA were treated with 0.1 lM AKT Inhibitor IV (EMD Millipore) for 6 h before analysis.
To determine the role of MIF in the mechanism of our interest, hMSCs maintained in basal growth medium after 48 h were transfected with MIF siRNA (sc-37137; Santa Cruz Biotechnology, Santa Cruz, CA, USA) using the Lipofectamine 2000 transfection reagent (Life Technologies) following the manufacturer's protocol. Briefly, hMSCs were transfected and incubated at 37°C for 6 h and further cultured with 1 mL of DMEM containing 20% FBS without antibiotics for additional 18 h. The transfection medium was then removed and replaced with basal growth medium to allow the cells to grow for another 24 h. Control cells were treated with scrambled siRNA (sc-37007). The cells were then collected and seeded on PLLA and 75PLLA substrates for 6 h.
Statistical analysis
All quantitative data were presented as the means ± standard deviation, as the assays were performed with samples in technical triplicate (n = 3). Statistical analysis was performed using the Origin software (OriginLab, Northampton, MA, USA). One-way ANOVA with post hoc Tukey's HSD Test was used to make pairwise comparisons between groups. P-values < 0.05 were considered statistically significant.
Results
Characterization of annealing-treated fibrous substrates
Aligned fibrous substrates produced by stable jet electrospinning and then annealing-treated, 65PLLA ( Fig. 1B) and 75PLLA (Fig. 1C) , exhibited the morphology similar to that of control PLLA (Fig. 1A) . The average diameter of PLLA, 65PLLA or 75PLLA fibers was measured to be 2.07 ± 0.38, 1.86 ± 0.24, or 1.92 ± 0.22 lm, respectively. To determine the impact of annealing treatment on the chemical structure of PLLA ultrafine fibers, XRD profiles of the samples were analyzed (Fig. 1D ). The result of control PLLA did not show noticeable crystalline diffraction peaks, whereas that of 65PLLA or 75PLLA showed a crystalline diffraction peak at about 16.7°of the 2h angle, which indicates the presence of the a-form homocrystal of PLLA [33] . The XRD results suggest that annealing treatment increases the crystallinity of PLLA. Specifically, the crystallinity of 65PLLA and 75PLLA were determined to be 27.21% and 28.54%, respectively, 1.35-and1.41-fold higher than that of control PLLA (20.22%). Further, the measurement of surface roughness by AFM showed that the 3 fibrous substrates shared similar roughness with 112 ± 23.3, 117 ± 37.5, and 133 ± 19.1 nm for control PLLA, 65PLLA, and 75PLLA, respectively (Fig. 1E ). While similar in fiber diameter and microstructure, PLLA, 65PLLA, and 75PLLA exhibited quite different mechanical properties (Fig. 1F) (Fig. 1G and H) . To determine the surface stiffness of fibrous substrates, force volume images and nanoindentation force curves of AFM following the Hertz model were analyzed. The calculated Young's modulus of an individual fiber of control PLLA, 65PLLA or 75PLLA was 77.4 ± 17.7, 729 ± 229, or 1124 ± 119 MPa, respectively (Fig. 1I) . The results suggest that annealing treatment is able to increase the mechanical properties of fibrous substrates.
Stiffness of fibrous substrates affects cell morphology, cytoskeleton, and proliferation
We next compared cell attachment and morphology on fibrous substrates with different stiffness. After 3 days, hMSCs on stiff substrates appeared to be more elongated than those on soft ones, and stress fibers in the culture of stiff substrates were more prominent than those in the culture of soft substrates ( Fig. 2A) . In addition, ARs of hMSCs on substrates were determined and the results showed that the average of ARs of cells on control PLLA was lower than that of cells on 65PLLA and 75PLLA although the difference was not significant (Fig. 2B ), suggesting that the AR of hMSCs increases with substrate stiffness. The analysis of cell proliferation determined by BrdU incorporation revealed that significantly more hMSCs (86.4 ± 5.0%) stained positive for BrdU on 75PLLA than those (74.7 ± 3.2%) on 65PLLA or (41.4 ± 4.9%) on control PLLA (Fig. 2C and D) , suggesting that cell proliferation increases with stiffness of fibrous substrates. Furthermore, the PicoGreen assay was also performed to measure total DNA amounts of hMSCs on different fibrous substrates at different time points. By Days 4 and 7, no significant difference in cell number between 65PLLA and 75PLLA was found but there were significantly more cells on 65PLLA and 75PLLA than on control PLLA ( Fig. 2E) . 
Stiffness of fibrous substrates directs lineage-specific commitment of hMSCs
To investigate whether substrate stiffness can preferentially determine the fate of hMSCs prior to differentiation induction, the cells were cultured on substrates with different stiffness in basal growth medium and analyzed for mRNA expression using quantitative RT-PCR. Stiffer substrates significantly downregulated the expression levels of stem cell stemness markers, OCT3/4 and NANOG compared to control substrates on Day 3 (Fig. 3 ). In addition, the expression levels of SCX, a key transcription factor for tenogenic differentiation, in hMSCs cultured on stiffer substrates were downregulated compared to those in the cells on control substrates while the expression of RUNX2, a transcription factor essential for osteogenesis, was upregulated in hMSCs cultured on stiffer substrates compared to that in the cells on control substrates. After 21 days of culture, the expression levels of PPARG and SOX9, key transcription factors for adipogenesis and chondrogenesis, respectively were comparable among the cells on all substrates while it is notable that hMSCs on 75PLLA expressed a significantly higher level of RUNX2 than the cells on control PLLA (Fig. 3) . These findings suggest that a stiff substrate downregulates the stemness property of hMSCs and directs the cells toward the osteogenic lineage.
We next investigated whether the upregulated expression of RUNX2 in hMSCs stimulated by stiff substrates was able to drive enhanced osteogenesis upon differentiation induction. To this end, hMSCs were first cultured on 75PLLA and control PLLA substrates in basal growth medium for 7 days and then induced by differentiation medium for osteogenesis. After 7 and 14 days of osteogenic induction, the mRNA levels of bone-related markers, RUNX2, ALP, and OCN, in hMSCs on 75PLLA were upregulated compared to those in the cells on PLLA (Fig. 4A-C) . In addition to the mRNA expression of bone-related markers, the quantitative results of ALP activity indicated that hMSCs on 75PLLA produced more ALP during 14 days of culture and significantly more on Day 7 than those on control PLLA (Fig. 4D ). The analysis of immunofluorescence staining showed that a greater intensity of OCN labeling was observed in hMSCs on 75PLLA compared to that in the cells on control PLLA (Fig. 4E) . Collectively, the results of mRNA and protein expression suggest that stiff 75PLLA substrates drive and enhance osteogenic differentiation of hMSCs compared to control PLLA.
Substrate stiffness modulates the osteogenic potential of hMSCs through a MIF-mediated mechanism
To identify a mechanism by which substrate stiffness regulates the expression level of RUNX2 of hMSCs as shown in Fig. 3 , we picked 75PLLA as a representative stiff substrate and PLLA as a control substrate to culture hMSCs for comparison. Given that AKT and YAP have been reported to be involved in the regulation of osteogenesis of hMSCs [29, 30] , we focused on investigating the role of AKT and YAP in the mechanism regulated by substrate stiffness, which thereby directs hMSCs fates prior to differentiation induction. The results of western blotting showed that the levels of total AKT and pAKT in hMSCs on stiff substrates were higher than those in the cells on control substrates, suggesting that AKT activation is increased with substrate stiffness (Fig. 5A ). Likewise, 75PLLA increased the expression level of total YAP (Fig. 5A ), localization of YAP in cell nuclei ( Fig. 5B and C ) and the expression level of RUNX2 (Fig. 5A) in hMSCs compared to control PLLA substrates. It is noted that more YAP was localized in nuclei of hMSCs on 75PLLA than on control PLLA (indicated by arrows) (Fig. 5B) , resulting in a significant increase in the intensity of nuclear YAP in hMSCs on 75PLLA compared to that in the cell on control PLLA (Fig. 5C ). Interestingly, we also found that the level of MIF in hMSCs cultured on 75PLLA was greater than that in the cells on control PLLA (Fig. 5A ). Significantly increased levels of YAP target genes, ANKRD1 (p < 0.05) and CTGF (p < 0.001) ( Fig. 5D and E) , were found in hMSCs on 75PLLA compared to those on control PLLA, indicating an increase in YAP activation in the 75PLLA culture. Consistent with the result of protein expression in Fig. 5A , the expression of MIF and RUNX2 mRNA transcripts in hMSCs on 75PLLA was significantly greater (p < 0.05) than that in the cell on control PLLA (Fig. 5F and G) . These results together suggest that MIF, AKT, YAP and RUNX2 may be involved in the mechanism by which stiff substrates direct hMSCs toward the osteogenic lineage.
To determine the role of AKT in the mechanism induced by substrate stiffness, we attenuated the activity of AKT by treating the cells cultured on 75PLLA with AKT inhibitor IV. Our results showed that AKT inhibitor IV was able to effectively reduce the activation of AKT without affecting the level of total AKT (Fig. 6A ). The reduction of AKT activity also resulted in a decrease in the levels of YAP and RUNX2 but did not affect the level of MIF in hMSCs, suggesting that AKT regulates YAP and RUNX2 and MIF is likely to be an upstream molecule that activates AKT.
To determine whether MIF acts through the AKT/YAP signaling pathway to regulate the expression of RUNX2, MIF siRNA (siMIF) was used to knock down MIF in hMSCs with scrambled siRNA (siSCR) as a negative control. Both of the transfected cells were then seeded on stiff and control substrates for 6 h before harvested for analysis. Both siMIF-and siSCR-transfected hMSCs displayed a similar spindle-shaped morphology (data not shown). The western blotting and mRNA expression results showed that our siRNA treatment effectively knocked down the mRNA and protein levels of MIF (Fig. 6B) . Moreover, we found that knocking down the elevated level of MIF in hMSCs, induced by increased stiffness of 75PLLA, reduced the increase in activation of AKT/YAP signaling and regulation of RUNX2 expression (Fig. 6C) . These results suggest that MIF is an upstream factor that regulates the AKT/YAP/RUNX2 signaling pathway to modulate the osteogenic potential of hMSCs. 
Discussion
Studies have demonstrated that substrate stiffness plays a critical role in the regulation of stem cell-biomaterial interactions. In this study, we used electrospinning and annealing treatment to fabricate ultrafine fibrous substrates with the same microstructure and surface chemistry but distinct stiffness. Using this straightforward setup, we demonstrate that increasing substrate stiffness alone leads to elevated production of intracellular MIF, which increases the activation of AKT and YAP in hMSCs to enhance osteogenic differentiation. Based on our findings, we propose a mechanism by which substrate stiffness regulates the osteogenic capacity of pre-differentiated hMSCs through the MIF-mediated AKT/YAP signaling pathway (Fig. 7) .
Substrate stiffness is closely associated with the chemistry of a substrate, and it is challenging to keep one of these two properties unchanged while the other is altered. For instance, approaches used to alter substrate stiffness through modification of polymer compositions or crosslinking methods simultaneously introduce changes into surface chemistry of the substrates [15, [34] [35] [36] . Recently, Nam et al. have reported that they used core-shell electrospinning to produce different scaffolds that can share the same microstructure and surface chemistry but distinct mechanical properties [37] , suggesting that it is possible to decouple substrate stiffness and chemistry for studying effects of substrate stiffness on cell behavior. However, their approach involving multiple procedures may not be as straightforward as our approach using annealing treatment in this study. Previous studies have demonstrated that annealing treatment can improve mechanical properties of polymeric materials by increasing the crystallinity of the polymer [38] [39] [40] . Likewise, in this study we have demonstrated that annealing treatment provides a simple approach to alter substrate stiffness without affecting substrate chemistry.
Our results show the effect of substrate stiffness on regulation of cell morphology and proliferation, in agreement with the findings of several published reports [8, [41] [42] [43] [44] . In addition to these findings, several other studies have demonstrated that stiffness modulates osteogenesis of MSCs [7, 8, 41, 45] , which is also consistent with our current finding. However, it should be noted that different from these previous studies, our study aimed to gain further understanding of how substrate stiffness regulates hMSC differentiation. In this study, we investigate effects of substrate stiffness on hMSCs with focus on regulation of the cell prior to differentiation induction rather than during differentiation. We demonstrate that stiff substrates prime the osteogenic capacity of pre-differentiated hMSCs by increasing the expression of RUNX2. It is known that RUNX2 is an early regulator of osteoblast differentiation [46] , which functions as a key transcription factor to activate osteopontin and OCN through binding to the promoter region of these boneassociated molecules [47] . Our results also show that further induced by osteogenic medium, RUNX2-upregulated hMSCs on stiff substrates are increasingly differentiated into osteoblast-like cells compared to the cell on control substrates. These findings elucidate the importance of the mechanical environment on determination of the lineage-specific fate of hMSCs both before and during differentiation.
Our results show that stiffer substrates increase the amount of intracellular MIF and thereby activate AKT/YAP signaling in predifferentiated hMSCs to upregulate the level of RUNX2 to prime their osteogenic capacity. Previous studies have shown that in addition to the AKT signaling pathway [29] , other pathways involving integrin, RhoA, Smad, and/or FAK signaling molecules can be activated by substrate stiffness to regulate hMSC activities [48] . Fig. 7 . Illustration of an identified molecular mechanism elucidating how substrate stiffness directs hMSCs toward the bone-specific lineage. In this study, we have identified a new mechanism that involves MIF in regulation of hMSC activities by substrate stiffness. Macrophage migration inhibitory factor is a proinflammatory cytokine capable of regulating various biological activities, such as immune response [49] , neural stem cell properties [20] and cellular senescence [28, 50, 51] . Particularly, Rammos et al. have reported that MIF is associated with vascular dysfunction and its level in the body can be used as an independent indicator to predict arterial stiffness [24] . Seib et al. have also demonstrated that hMSCs cultured on rigid substrates produce more MIF than the cell on compliant substrates [2] . In this study, we have shown that MIF is involved in a regulatory mechanism by which substrates with greater stiffness direct hMSCs toward the osteogenic lineage by increasing the intracellular level of MIF in the cell. We have further demonstrated that knocking down MIF using siRNA leads to a drastic reduction in AKT phosphorylation and YAP expression, thus downregulating osteogenic differentiation of hMSCs. Although the finding of MIF regulating AKT activity in cell types other than hMSCs has been reported by other groups [25] [26] [27] [28] , to the best of our knowledge our new finding that stiff substrates direct hMSCs toward the osteogenic lineage through the MIF-mediated AKT/YAP mechanism has not been reported yet.
Orthopedic surgery for treatment of musculoskeletal disorders often causes changes in the structure and/or property of tissue, such as alteration of matrix stiffness [52, 53] , which likely modifies the mechanical microenvironment of tissue. For example, heterotopic ossification commonly found in soft tissue, such as muscle or tendon, of orthopedic patients after surgery is a problem of bone being formed at an undesired tissue site. While it is unclear how heterotopic ossification is induced, one of the hypotheses to the pathogenesis is that changes in the microenvironment of tissue lead to alteration of stem cell behavior. Our study shows that the fate of lineage-specific differentiation of hMSCs is dependent on substrate stiffness with the results demonstrating that stiff substrates direct the cells toward the osteogenic lineage while soft ones direct the cells toward the tenogenic lineage. Our findings may provide insight into one of the pathological mechanisms underlying the formation of heterotopic ossification in muscle or tendon.
Conclusion
In this study, we use annealing treatment to alter stiffness of fibrous substrates without changing the material chemistry, and further utilize the setup to identify a mechanism by which substrate stiffness modulates MIF to regulate the AKT/YAP signaling pathway to direct hMSC differentiation. Our findings provide insight into one of the mechanisms governing how stiffness regulates hMSC activities, which may help us enhance our understanding of interactions between hMSCs and their surrounding matrix or substrates for developing viable applications of tissue engineering and regenerative medicine.
